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Abstract. Aerosol-cloud interactions are considered to be tem (IPCC, 2007). Some aerosols act as cloud condensation
one of the mostimportant and least known forcings in the cli-nuclei, determining the cloud droplet number concentratio
mate system. Biomass burning aerosols are of special gtitere and modifying cloud optical properties by increasing cloud
due to their radiative impact (direct and indirect effeatla  albedo (first indirect effect). Contradictory results héaezn
their potential to increase in the future due to climate ¢jean  found regarding their impact on cloud lifetime (Rosenfeld
Combining data from Geostationary Operational Environ-and Woodley,1999; Khain et al., 2001; Jiang et al., 2006)
mental Satellite (GOES) and MODerate-resolution Imagingand precipitation (Andreae et al., 2004; Koren et al., 2005;
Spectroradiometer (MODIS) with passive tracers from theJin et al., 2005; Rosenfeld, 2005) (second indirect effect)
FLEXPART Lagrangian Particle Dispersion Model, the im-  Due to their radiative impact on the Earth’s energy budget
pact of biomass burning on marine stratocumulus clouds haand the possibility that their global mean burden will irase
been examined in June and July of 2006-2008 off the Cali-in the future (Westerling et al., 2006), biomass burning BB
fornia coast. Using a continental tracer, the indirectetfte aerosols have become a concern for the prospect of climate
biomass burning aerosols has been isolated by comparing thehange. Depending on the nature of the burned biomass and
average cloud fraction and cloud albedo for different mete-the burning conditions, BB aerosols have varying capacitie
orological situations, and for clean versus polluted (im®  for absorbing and reflecting incident solar radiation (dire

of biomass burning) continental air masses. Within a 500km-effect). According to the IPCC (2007), BB aerosols have a
wide band along the coast of California, biomass burningdirect radiative forcing of +0.03-0.12 Wnt 2 globally.
aerosols, which tend to reside above the marine boungary Converting visible light to thermal energy, absorbing
layer, increased the cloud fraction by 0.143, and the cloudaerosols can warm air masses and increase static stadility,
albedo by 0.038. The combined effect is an indirect radéativ reduce relative humidity. Therefore, they induce a redurcti
forcing of -7.45% (cooling effect) on average, with a bias or an increase of cloud cover and cloud albedo, depending
due to meteorology of +0.89%. Further away from the coast,on the vertical distribution of the aerosols within or above
the biomass burning aerosols, which are located within;shethe clouds (semi-direct effect; Johnson et al., 2004; Fgihg
boundary layer, reduce the cloud fraction by 0.023 and theet al., 2005), and reduce rainfall (Hoffman et al., 2002 Fre
cloud albedo by 0.006, resulting in an indirect radiativefo  itas et al., 2005).

ing of +1.33% (warming effect) with a bias of +0.49%. These  Using a global circulation model, Lohmann and Feichter
results underscore the dual role that absorbing aerosays pl (2001) compared the magnitude of all these competing ef-

in cloud radiative forcing. o fects and found that the semi-direct effect can be important
locally, despite the fact that indirect effects dominatebg|
ally.

Published results on the indirect effect emphasize both
positive or negative impacts on cloud cover and cloud albedo

Aerosol-cloud interactions are considered to be one ofithélepending on aerosol type, aerosol vertical distributea-r

most important and least known forcings in the climate SyS_tive to the cloud, and the natural variability of cloud prop-
erties. A better understanding requires techniques that ca

Correspondenceto: J. Brioude combine accurate aerosol and cloud property parameters ove
(jerome.brioude@noaa.gov) an extended period of time to distinguish the impact of
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2 J. Brioude et al.: Effect of biomass burning on marine stratoulus clouds

aerosols from the natural cloud variability. fects. In those studies, aerosol and cloud products were in-

Marine stratocumulus clouds are known to be an impottantdependently derived.
factor in the climate system (Medeiros et al., 2008). On-aver 10 remove the aerosol bias from satellite retrievals, and
age, they cover about 29% of the globe annually (Klein andt0 improve quantification of the aerosol vertical distribont
Hartmann, 1993). They reflect much more sunlight than theAvey et al. (2007) combined satellite cloud products with
underlying ocean, and radiate at nearly the same temperatu@erosol tracers from the FLEXPART Lagrangian particle dis-
as the ocean surface. Their net radiative impact is cosfingPersion model. They were able to diagnose the collocation of
of the Earth system. They commonly form off the western clouds and aerosols because of the high vertical resolofion
continental coasts where upwelling water reduces the oceafh€ model. By using passive tracers, they also discarded any
temperature. There, lower surface temperatures and strontgedback from cloud on aerosols, and thus worked with inde-
subsidence induce a shallow inversion layer, confining thePendent parameters (passive tracer and clouds). They found
marine stratocumulus clouds to roughly the first kilomeferso that cloud droplet effective radius was smaller and cloud op
the atmosphere. It has been estimated that these clouds affetical depth greater when the model indicated that polluted a
the net radiative balance by -1Wrh per percent cloudiness Masses were collocated with clouds.
in these regions (Klein and Hartmann, 1993). In this paper, satellite products from the MODerate-

These clouds are very sensitive to changes in aerosol Cor{_esolutlon Imaging Spe_ctroradlometer_ (MODIS). and the
centration, especially in stratiform cloud regions wesEaf-**© 'Mager on the Geostationary Operational Environmental
ifornia (Platnick and Twomey, 1993). The semi-direct effec Sgtelhte located at.lgw (GOES-WEST) are combined
can significantly influence their radiative forcing (e.ghde with FLEXPART to improve our understanding of (1) how

son et al., 2004) and may have a significantrole in the climaté)Iomass burnlr_lg aerosols affect the cloud fraction an_dcblo_u
system. albedo of marine stratocumulus clouds west of California,

Studies based | ddv simulati LES) have™ dand (2) the radiative forcing due to biomass burning aessol
tudies based on large eddy simulations ( ) have ad- As shown by previous studies, marine stratocumulus

dressed the aerosol indirect effect on marine stratocusnuluclouds are sensitive to the aerosol indirect effect. Anthro

EFInggng?tBal"h 1994; Kolgagogt? al._,rhlg95; Llé.and Se'n'pogenic aerosols impact marine clouds with offshore flow.
fel f’ d, ret S_rton Et a, derl _)' Osﬁ st_u 1es arel USsHowever, it is difficult to assess the impact of continental
ul for understanding the underlying mechanisms involved ;. masses, which contain anthropogenic aerosols, on sloud

n aeros_,ol C.IOUd mtergctlo_ns, and thus redu_ce some o th(?’stdjacent to polluted regions because the impact of these air
uncertainty in the estimation of the aerosol indirect ffec masses before humans modified them is unknown

However, they have only been applied to idealized cases, us- While the emission rates of anthropogenic and biogenic

N9 p.arame.ters retrieved from in-situ measyreme_nts durlng<51erosols are fairly constant over a season, biomass burning
field mtenswes_,. L.ES cannot be used to build a CI'm""tc’lﬁr?sgyaerosol emissions are highly variable. The frequency and in
of the aerosol indirect effect. tensity of fires vary from year to year and throughout seasons
In contrast, satellite based studies are directly appbed t Thus for a particular offshore transport pattern, one can ex
real cases, and can be used to study the aerosol indirect efect to have different BB aerosol concentrations for défer
fect over a long time period and a large area (e.g. Kaufmaryays and different years. This variability allows us to stud
et al., 2005; Jensen et al., 2008). But satellite-based gfucthe biomass burning aerosol semi-direct and indirect effec
ies are known to suffer from retrieval bias. In ClOUdy piX' by reducing external effects (meteor0|ogy or anthropogeni
els, the aerosol concentration integrated over the totahto aerosols).
(aerosol optical depth, AOD) is unknown. Typically, an as-  Bjomass burning and anthropogenic passive tracers are
sumption is made that aerosol concentration is horizontall simylated with FLEXPART. In addition, a passive surface
homogeneous between cloudy and clear sky regions. . Thigacer (called the continental tracer) is also advecteulitin
hypothesis cannot be applied to marine stratocumulus sloudthe model. It has a constant emission rate over the continent
which can cover a large region without any breaks in cloudsits purpose is to trace transport pathways from the continen
to allow remote sensing of the aerosols. Furthermore, theoward the ocean regardless of anthropogenic emissiods, an
AQD retrieved near clouds can be affected by meteorologicalt allows us to segregate marine air from continental aiisTh
bias. Forinstance, Mauger et al. (2007) have shown that Roths very important because the weather conditions that trans
AOD and cloud fraction are correlated with static stability port continental air across the eastern Pacific affect cloud
Another weakness is due to the fact that the aerosol Verticaiormation different|y from marine air masses. To our knowl-
distribution is usually unknown, while it is a key component edge, this is the first time that such a continental tracesésiu
of the aerosol indirect effect (Johnson et al., 2004). to study the aerosol indirect effect by comparing cloud prop
Previous studies (Schwartz et al., 2002; Chameides et algrties for conditions with and without BB aerosols, but when
2002) have used column-integrated anthropogenic aerosdhe study region is influenced by continental air masses.
burden from chemical transport models with satellite dealiv California is an ideal region to assess the impact of
cloud products to study anthropogenic aerosol indirect ef-biomass burning on marine stratocumulus clouds. The ma-
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rine stratocumulus clouds are common during summer inthehe anthropogenic CO tracer into an anthropogenic aerosol
Eastern North Pacific Ocean, with a maximum in June (Kleinmass concentration.
and Hartmann, 1993). California is also a region known for Because the aerosol-cloud interaction is sensitive to the
its numerous wild fires (Westerling et al., 2006). Large wild aerosol vertical distribution, it is necessary to have d-rea
fires occurred earlier in the summer of 2008 compared toistic biomass burning injection height for each fire. A fixed
2006 and 2007, providing significant interannual varidpiis injection height would over or underestimate the aerosnit co
Satellite data and model output are analysed for June and Julcentration within the continental boundary layer. To addre
of those 3 years, focusing on 14:00 local time, when solar in-this issue, the plume rise module described by Freitas et al.
solation is high and the aerosol indirect effect is expetbted (2007) is used to calculate the injection height of each fire.
be active. Section 2 presents the modeling methods and sateThe size and fire radiative power (FRP) of each fire are re-
lite products. Section 3 presents the vertical distributdd.«0c trieved from the Wildfire Automated Biomass Burning Al-
biomass burning plumes using a plume rise module. Sectiongorithm (WFABBA, Prins et al.,1998). The sensible heat
4 and 5 present the impact of the indirect and semi-direct efflux released by the fires is calculated assuming that the ra-
fect of biomass burning aerosols, respectively. In sedion diative fraction of the total fire energy released was approx
the indirect radiative forcing due to biomass burning ael®s imately 10% (Wooster et al., 2005; Freeborn et al., 2008).
is discussed. Finally, conclusions are drawn in section 7»s The vertical profiles of temperature and humidity are re-
trieved from the GFS profiles interpolated linearly in space
and time. To calculate the black carbon emission, the for-

2 Method mula from Seiler and Crutzen (1980), based on emission fac-
tors and area burned is used. The emission factor of particle
2.1 Modeding 0 Mmatter PM2.5 from Wiedinmyer et al. (2006) is used as a

proxy of aerosol emission. The area burned is assumed to be

To simulate air pollution transport, version 6.2 of the FLEX linearly correlated with the size of the GOES hot spots. The
PART Lagrangian particle dispersion model (Stohl et al., biomass burning in 2006, 2007 and 2008 was mainly from
2005 and references therein) is used. This model has beefarest (60%), grassland (22%), shrubland (7%) and cropland
used to successfully simulate the transport of anthropiogen (4%).
emissions or biomass burning plumes (Stohl et al., 2007, Average FRP and fire size are compiled per land use type
Brioude et al., 2007, Warneke et al., 2009). and per hour to fill in missing data when fire hotspots are

FLEXPART was driven by meteorological data from detected but contamination in the pixel prevents the algo-
the National Centers for Environmental Prediction (NCEP) rithm from accurately calculating the size and FRP. The fire
Global Forecast System (GFS) with a temporal resoluticg ofdetections with low confidence are removed from the anal-
3 h (analyses at 00:00, 06:00, 12:00, 18:00 UTC ; 3-h fore-ysis. Continuous emissions are assumed when 2 hot spots
casts at 03:00, 09:00, 15:00, 21:00 UTC), and 26 verticalwere detected in the same 8x8km2 area within 6 hours. The
levels. Horizontal resolution was 0.5x0.5 degrees glgball missing fire size and FRP are filled in with the average val-
for the 2008 dataset, and 1x1 degree globally for the 2006ues explained above. Rather than calculating a single-injec
and 2007 datasets. Millions of particles in FLEXPART wgye tion height for each fire, we computed an injection height
transported both by the resolved GFS winds and parameprobability density function (PDF). Because the sensiblth
terized subgrid motions. FLEXPART parameterizes turbu-flux is considered to be the most uncertain parameter in the
lence in the boundary layer by solving Langevin equationsplume rise module, 11 different sensible heat flux values
for Gaussian turbulence (Stohl and Thomson, 1999). BL(ranging from 10% to 110% of its initial value) were applied
heights are calculated using a combined Richardson pumin the plume rise module for each fire. The particles are
ber and lifting parcel technique (Vogelezang and Holtslag,released randomly according to the obtained vertical PDF.
1996). FLEXPART also has a parameterization scheme folEven though uncertainties can arise from the heat flux, the
convection (Forster etal., 2007). The horizontal resolutif ~ size of the fire and the injection height module itself, the fi-
the FLEXPART output domain was 0.15x0.15 degrees, withnal injection height is mainly influenced by the stability of
13 levels between 0 and 10km with a vertical resolutiopsof the atmosphere, as shown by Kahn et al. (2007).
150 meters in the first 600 meters, 200 meters up to 1000m, In conjunction with the biomass burning tracer, a continen-
and 300m up to 1600m. tal tracer has been used in this study to represent the wansp

An anthropogenic aerosol tracer was computed, based opattern of continental air masses over the ocean. Thisyeassi
anthropogenic CO emissions from the EPA 1999 Nationaltracer has a constant emission rate at all locations ovetr wes
Emission Inventory at 44km resolution (Frost et al., 2086). ern North America, between 13% and 90W. Itis released
Injection heights of point sources in the model are speci-between the surface and 150 meters.
fied in the inventory, while the mean injection height of area The BB aerosol, anthropogenic and continental tracers
sources was between 0 and 20 m. We will use MODIS-are passive. They don’t undergo wet or dry deposition.
derived aerosol mass concentration in section 4.1 to converThis limitation can reduce the validity of the tracer protiuc
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under precipitating conditions. However, an ageclass af 53 Vertical distribution of biomass burning plumes

days is used for the anthropogenic and biomass burning

aerosol tracers, which is roughly the CCN lifetime in clouds

Twomey and Wojciehowski,1969; Avey et al., 2007). An

ageclass is defined as the time elapsed since the particles ) L ) o )

were released. A passive tracer with an ageclass of 5 day he vertical injection height distribution relative to the

means that the age of a given passive tracer ranges betweé’r?ungegy Iélyergeith in ZOOS (Figut)e 1?):6‘?)_3 modet?t the
0 and 5 days. According to the monthly rainfall detected _top ofthe boundary layer. About 70% of the biomass burn-

by the Tropical Rainfall Measuring Mission (TRMM, url: ing plumes remains in the BL, and 30% is injected above.

http://trmm.gsfc.nasa.gov/trmnain/Events/trmnclimatoloi$.3 Hg_ﬂéﬁgﬁbutior} iszcgggistent V‘éithpt\re Eatsllilie base_djllteds
satellite, the precipitation from marine clouds west of-Cal from Karin etza. ( ,)OV%” € h asha-'u. on regr:op hur-
ifornia is negligible. Little impact from precipitation is "9 summer 2004. It is evident that the injection height is

expected as marine stratocumulus clouds are generaly assié‘-ﬂue?]ced b% the static sr:abbil_ity of thiatnjosprl\ere, as show
ciated with either no precipitation or drizzle in Califoani Y Kahn etal. (2007). The lomass burning plumes are typ-
during summertime, except when rift areas (areas of brikerically trapped at the bottom of the first stable layer encoun-

stratocumulus) pass through the domain. These areas a;gred in tfhf] atbmosréherelz, WhiChhiS fgn averagec?olopa}te.d V\r’]ith
typically characterized by pristine marine air, large dedp the top of the boundary layer. The fires occured mainly in the

sizes, an open cellular structure, and drizzle (e.g., Sheto C_ahforma Central VaII_ey, thg Los Angeles basin and in the
al., 2006). Sierra Madre mountains (Figure 1b). On average, biomass

so  burning aerosols were located over the Eastern North Pacific
Ocean 60% of the time in 2006 and 2008, and 39% of the

. time in 2007 for June and July.
2.2 Satellite products

Figure 1d presents the average vertical mass distribufion o

Cloud fraction was calculated with two methods. In the first Piomass burning tracer over the Central Valley in Califarni
method, we used the 4-km infrared (10.9 micrometers)a‘ﬁnd-rhe mass concentration unit of the biomass burning tracer is
low altitude water vapor (3.9 micrometers) channels froe th arbitrary at this stage. We will use the MODIS aerosol mass
imager on the GOES-WEST satellite, and applied the a|go_concentration in the next section to calibrate it. The mdss o
rithm of Jedlovec and Laws (2003). In the second method,biomass burning is at a maximum near the surface and de-
we detected low level clouds using the 1km visible channelcréases slowly with height in the boundary layer, and more
from GOES and a spatial coherence method compare@to rapidly above. This average distribution is different from
cloud-free surface reflectance calculated over 20 days-by s¢h injection height distribution because the transposrov
lecting the darkest pixels to detect low level clouds. Tien t the continent tends to homogenize the tracer in the boundary
cloud cover was averaged over 0.15x0.4id cells to pro- ~ layerover 5 days.

vide the cloud fraction. Based on the infrared channel, grid

cells with high clouds are removed. These two techniques Offshore and near the coast (Figure 1c), the average verti-
provide similar results, with the differences presenteth,, cal mass distribution is different, with the maximum lohte
discussion section. above the marine boundary layer (MBL) in a layer about

We used the GOES shortwave broadband albedo, droplet Oeor;egugk'rf'glczn?emeecrglt'f?;nI:tfgr?sttﬁgﬁyxe"tlﬁg ctj:ﬁqrﬁ;? r
effective radius, liquid water path, and optical depth u perature, g "9 peratu

data from the near-real time cloud products describedVErsion and making the MBL shallower compared to the

by Minnis et al. (2004: available at url: http:/Awwie MBL further offshore. The temperature in the MBL is lower
' Y | ; than above. Mixing of free tropospheric biomass burning

ngler.larc.nasa.gov/). Th r wer rivi in . 2
angler.larc.nasa.gov) ose products were derivedgus down into the MBL is inefficient because of the stable layer.

the methods of Minnis et al. (2009) and are available atOwin to the large scale subsidence in this region and the
a nominal resolution of 8km, and averaged onto the same 9 9 9

0.15x0.158 grid as used for the cloud fractions. The GOES strong stat_ic stapility, the biomass buring layer is tepp
visible channel was calibrated each month against the aﬁsrrgbove the inversion layer offshore.

MODIS 0.644um channel as described by Minnis et al.

(2002). The MODIS level-3 Cloud Condensation Nucleiand  This offshore vertical distribution can potentially ines®e
Aerosol Mass Concentration products (Remer et al., 2005}he temperature of the atmosphere above the MBL via the so
were used to assess the validity of the calculation of biemascalled semi-direct effect of absorbing aerosols. Accaydin
burning aerosols, and to convert the arbitrary model concenprevious studies (Johnson et al., 2004), this effect camoed
trations of biomass burning, anthropogenic and contineatathe vertical entrainment of dry air from above, and increase
tracer into realistic aerosol mass concentrations. the LWP and the cloud albedo.
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4 Indirect effect of biomass burning aerosols The daily MODIS cloud products include an integrated
column CCN product. Figure 3c presents the relationship
4.1 Biomass burning concentration 45 between the MODIS total column CCN and the FLEXPART

o . . BB concentration, showing that the CCN increases linearly
To study the indirect effect from biomass burning, we first with the BB aerosol number concentration. The relative-stan
used the MODIS aerosol mass concentration product ovegard error of the mean ranges between 11 and 20%. It con-
the ocean to convert the arbitrary mass of tracer released bfirms here the potential indirect effect of biomass burning
the model to realistic mass concentration values. A payti-aerosols.
cle density of 1.5 gcm® is assumed (e.g. Treffeisen etal.,  An Indirect Effect (IE) index has been proposed by Fein-

2007). The MODIS aerosol mass concentration product igold et al. (2003) to represent the effect of aerosols onctlou
integrated over the total column. microphysics.

Figure 2 presents the dependence of the MODIS total col- _ (aln(n)) _ (_8ln(Re))

umn aerosol mass concentration on the arbitrary total colum C\O(a) Jppy L 9Inle) Jppyy

mass concentration of the different FLEXPART tracers.“We 7. denotes the cloud optical depth, the effective radius,
averaged over the column values of the FLEXPART passiveand o the aerosol concentration. The IE values range be-
tracers at 20hUTC, which is roughly the overpass time oftween 0 and 0.33 (Feingold et al., 2001). The higher the IE
Terra in this region, to the same grid as the MODIS products Value, the higher the relative change in cloud microphysics

For each tracer (Figures 2a b and c) , the functions (col-for @ relative change in aerosol concentration.
ored lines) which best match the relationship between esfcu  To conduct such a study, the data are sorted by liquid water
lated and measured total column mass (black lines) are-calcuPath (measured by GOES). Reythe average biomass burn-
lated using a least squares fitting method. We first calatilate iNg tracer concentration in the marine boundary layer isluse
the relationship between MODIS aerosol mass concentratiod he |IE values are calculated when the anthropogenic tracer
with the continental and anthropogenic tracer when there ids low. Figure 3 shows the relationship between BB aerosol
no biomass burning. Then the relationship between MoBIStracer and (a) GOES. and (b) GOESR. for different lig-
aerosol mass concentration and BB tracer is calculated byid water path bins. The blue lines represent the power-law
removing the contributions from the continental and anthro functions that match the different distributions using aske
pogenic tracers on MODIS aerosol mass concentration. Arpquares fitting method. The IE values range from 0.022 for
aerosol mass concentration background is subtracted frorMery low LWP (about 40 gm?) to 0.040 at higher LWP (be-
the MODIS mass concentration so that the estimated FgXxtween 80 and 120 gnt ). This range of values is lower than
PART mass concentration is equal to zero when the arbitraryprevious observations (between 0.02 and 0.17, McComiskey
FLEXPART mass concentration is zero, explaining the neg-et al., 2009; Feingold et al., 2003), probably because of the
ative MODIS mass concentrations. For each tracer, the relalow hygroscopicity of biomass burning aerosols. Another
tionship has a large standard deviation compared to the meaRossibility is the fact that we calculate aerosol and clcexd r
However, the relative standard error of the mean rangessbelationships within 0.15x0.15 degree grid cells, while etar
tween 2 and 10% and thus the mean is statistically meaningtions between aerosol and cloud are reduced at increasingly
ful. larger scales (McComiskey et al., 2009).

The distribution has more scatter for the continental and The dependency of IE for LWP values ranging from 40
anthropogenic tracer than for the biomass burning tracerfo 80 gn2 could arise for many reasons. In some cases of
This is probably because the continental and anthropogenitow LWP, the clouds are broken or scattered dhds likely
tracers include several types of aerosol sources, while th@verestimated while. may be too large (Kato et al., 2006).
biomass burning tracer is more exclusive. It is also possible that the extinction from biomass burning

Figure 2d represents the relationship between the MODISerosols above the cloud could affect the retrievat.oénd
total column mass with the FLEXPART total column mass. E. from satellite (Haywood et al., 2003; Wilcox et al., 2009)
By adding the total column mass of the 3 different tracers,by reducing the reflectance at several wavelengths, edlyecia
the FLEXPART total column mass (red curve) matches thefor thin clouds. Another possibility is that the sensityvif

average MODIS total column mass (green curve). the cloud albedo to an increase in CCN (the cloud suscepti-
bility) increases with the albedo, and reaches a maximum for
4.2 First indirect effect an albedo of 0.5 (Platnick and Twomey, 1993). In this case,

a0 the susceptibility of the cloud albedo is higher at a LWP of
It has been shown (Twomey, 1977; Platnick and Twomey,80 gn1? than at 40 gm?, because the average cloud albedos
1993), that an increase of the number of aerosol particles reare 0.42 and 0.30, respectively.
sults in an increase of cloud optical depth and a decrease in The IE values obtained for the indirect effect of biomass
effective radius at constant liquid water content. This so-burning aerosols are in agreement with previous satellite
called Twomey effect is an important factor in cloud-aeteso studies (e.g. Bréon et al., 2002). These results demdestra
interactions because it modifies the cloud albedo. that the first indirect effect from biomass burning does occu
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in this region. The results also show that BB aerosol calcu- Figure 5 shows the average cloud fractions when (a) there
lations can be applied to study the overall impact of biomassare no FLEXPART biomass burning aerosols and (b) when
burning on marine stratocumulus clouds. there are FLEXPART biomass burning aerosols between the

surface and 1 km. The differences between Figures 5a and 5b

are the direct consequence of the presence of biomass burn-
5 Semi-direct effect ing tracers.

545 On average, the cloud fraction is most strongly influenced

To examine the semi-direct effect of BB aerosols, we only by the humidity and LTS. The greater the humidity or LTS,
use data with a continental tracer concentration greaset th the larger the cloud fraction. This is due to the fact that an
0 to avoid the contrasting meteorological properties betwe increase of LTS reinforces the inversion layer, and thus in-
continental air advected over the adjacent ocean and purelgreases the stability of the marine boundary layer, whieh re
marine air masses. In this case, we compare only the differguces the vertical entrainment of dry air from above.
ences in cloud properties between continental air with and |t s clear that the higher the surface temperature, thedowe
without biomass burning. To our knowledge, this is the first the cloud fraction. By increasing the temperature, the-rela
time that such a continental tracer is used to isolate purelytive humidity is reduced. Cloudiness can also reduce serfac
marine air masses from continental airmasses. insolation and hence surface temperature

The average GOES cloud fraction over the ocean (kig- Continental tracer tends to be associated with increased
ure 4) ranges between 0.7 and 0.8. The cloud fraction iscloud fraction. However, it is less evident compared to the
lower near the coast than offshore, because of a lower spedifferent meteorological parameters. A higher continenta
cific humidity and diminished surface-air temperature con-tracer is related to a larger percentage of air coming froen th
trast. The average GOES cloud albedo is between 0.3 angontinent, implying different transport patterns or diéfat
0.35. This average value was calculated using data having eeteorological situations, but also an increase of biageni
cloud fraction exceeding 0.8 to avoid errors due to brokenand anthropogenic aerosols.
cloud effects. The average FLEXPART continental tracer The overall impact of biomass burning on cloud fraction
within the first kilometer in altitude decreases with distan  over the ocean is positive. On average, the highest impacts
from shore. The FLEXPART biomass burning tracer con- of biomass burning on cloud are found at high humidity and
centration within the first km in altitude is greatest soutb0 |ow LTS. High humidity promotes greater cloud fraction, and
Los Angeles (8g.m %), and also decreases with distance thus larger differences in cloud fraction can occur in thespr
from shore. The GFS specific humidity is larger away from ence of BB aerosols. The fact that the greatest impacts are
the coast while the lower tropospheric stability (LTS; GFS found at low LTS is probably a sign that the biomass burn-
temperature difference between an altitude of 1.5km and theng tends to increase the LTS, and thus reduce the vertical
surface) decreases with distance from shore. This is pigbaentrainment of dry air from above.
bly the consequence of the upwelling which reduces the sea We do not expect any influence of biomass burning
surface temperature (SST) near the coast and then increasggrosols on the GFS meteorological parameters used in this
the stability of the lower troposphere. study. It is unlikely that the data assimilation in the NCEP

The data are divided according to intervals of humidity, GFS model takes into account the thermal radiative impact
surface temperature and LTS as these are the meteorolggicaf the biomass burning plumes, especially over the ocean,
factors with the greatest influence on cloud properties. (e.gbecause of the sparse in-situ measurements. As a result,
Kaufman et al., 2005). it is possible that the vertical distribution of biomass rur

To remove the impact of meteorology on the variability ing aerosols is less accurate near the marine inversiom laye
of cloud fraction and cloud albedo, the average impact ofHowever, the uncertainty of the tracer’s vertical distribu
biomass burning on the cloud fraction and albedo is calgu-tion probably does not affect its advection. We do not ex-
lated in data subdivisions (each representing 1/16 of datapect a large differential advection which can compromise ou
based on intervals of low and high tropospheric stabiliti, h  aerosol calculations in grid cells of 2.25x2%28ecause we
midity, surface temperature, and continental tracer, émhe  are focusing on the presence or absence of biomass burning
grid cell. Within each grid cell, the median of each distribu aerosols between the surface and 1km, the uncertainties in
tion is used to separate the data into low and high intersalsthe vertical distribution of biomass burning aerosols have
so that each of the 16 subdivisions has the same sample sizminor impact on the results.

To show the robustness of the method, the impact of Figure 6 presents the average differences in cloud fraction
biomass burning aerosols on cloud fraction and cloud albeddA f), albedo A A) and LWP due to the presence of biomass
is compared for the subdivisions using continental tracer,burning aerosols. The grid cells with a significant diffezen
high continental tracer only (continental tracer concatidnsss  (95% confidence) are highlighted by black stars. The me-
greater than the median), and anthropogenic tracer in placésorological conditions (from NCEP GFS) in terms of LTS,
of the continental tracer. The results are shown in Table lThumidity and temperature are the average values shown in
and will be discussed later. Figure 4. The difference in cloud fraction is positive along
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the coast within a band about 500 km wide. The values rangé¢ers and aerosol burden (change in anthropogenic and bio-
between +0.1 and +0.25, with an average value of +0.143genic aerosols).

Further away from the coasfy f is close to zero or negative Figure 8 shows the bias in the difference in cloud fraction
with values between 0 and -0.05, with an average value ot (top). Within the band along the coast, the overall biases
-0.023 es ande,y are small. e; ranges between -0.04 and +0.03

AA is also significant. Within the same coastal baady ~ With an average value of -0.01 (average relative bida\ f
is positive, with an increase of +0.02 to +0.1 (average valueof -5%). 4 (Figure 8, bottom ) ranges between -0.016 and
of +0.038) . These values are associated with positiverdiffe -0.007 with an average value of -0.01 (average relative bias
ences in LWP between +5 to +20 grh Further away frores ealAA of -37%). These results demonstrate that the method
the coastA 4 is negative, with values of 0 to -0.02 (average to remove the impact from meteorological parameters and

value of -0.006), associated with slightly negative diffeces ~ aerosols from our analysis was successful.
in LWP values. Further away from the coast, in the area with negafive

the bias ranges between -0.04 and +0.61.is large com-
pared toAf (average relative bias of 48%). The average
relative bias in cloud albedo is -70%; ande 4 are large in
this region, and cannot be neglected.

These results are not very sensitive to the use of high con
tinental tracer or anthropogenic tracer rather than cemtial®
tracer to subdivide the data (see Table 1). Variability in me
teorological parameters does not explain the differenges i
cloud fraction and albedo. The difference in specific humid-
ity is small within the band along the coast, with an averages piscussion
difference value of +0.15g kgt. The difference in LTS is

also small. Within the band along the coast, negative antry estimate the variation in radiative flux resulting from a
positive values are found, between -0.2 and #G.2ZThe dif- . change in cloud fraction and cloud albedo due to biomass
ference in surface temperature ranges between 0aaldg  ,ring, we used the same approach as described in Seinfeld
the coast. The grid cells with significant differences ineaet 514 pPandis (1998). An ocean surface albedo equal to 0 is
orological parameters are quite rare. assumed. In this case, a single-reflection radiative madel i

A multivariate regression is applied to calculate the de-needed. The outgoing radiative flux at the top of the atmo-
pendence of and A on specific humidity{) , LTS, surface, sphere (TOA),.,; is equal to

temperatureq;), boundary layer height® L H), continental Fouu=F;, - T?>-f-A
tracer (Ccont) and anthropogenic trace€fn¢nro) using all F;, denotes the incoming flux at the top of the atmosphere,
the data available over the ocean. T is the atmospheric transmittancg,is the cloud fraction
To conduct the multivariate regression, the following and A the cloud albedo.T" includes the extinction of the
power law equations are used: es  atmosphere but also the solar absorption from the biomass
f=ao-(LTS+20)" - BLH®.T% .q%.C% .C% burning aerosols. The perturbed outgoing radiative flux due
B b b e by b be to biomass burning indirect effect can be expressed as
A= bO ' (LTS+20) t-BLH™ 'TGB gt Ccont : Ca,nthro Fout"’AFout = ETLTQ(fA—i-AfA—}-fAA—FAfAA)

The results were better using power law equations rather A f and AA denote the variations in cloud fraction and
than linear equations. We applied an offset of@®n LTS., cloud albedo due to the presence of biomass burning aerosols
to have positive values only. The results of the multivariat (see Figure 6 and Section 5). Therefore the relative intlirec
regression orf and A are shown in Figure 7. A summary of radiative forcing due to biomass burning aerosdiy(%) can
the multivariate regression is shown in Table 2. It presentspe expressed as
the variations inf and A due to a change from the 5thto  §fp = ?F?jz:tz =Af-A+f-AA+Af-AA
95th percentile of the average meteorological parametetga A negaﬁ/e sign ob F' indicates a cooling influence. We
aerosols, and the factors used in the multivariate regiessi  calculated also the standard deviation: (assuming Gaus-

The multivariate regression is applied to the average mesian distributions forA f and A A) and the biaser usinge ¢
teorological values found in the presence or absence ofinde 4 rather thamA f andAA)in §F.
biomass burning aerosols in each grid cell. By subtracting We estimate that the uncertainty associated with the use of
the f and A for these two situations, the variation jhandsso continental or anthropogenic tracers to subdivide the aatia
A resulting from the variations in meteorological parame- then study the indirect radiative forcing by biomass bugnin
ters and aerosol burden can be estimated in the 16 differaerosols ist0.5% (Table 1).
ent subdivisions. Because these variationg iand A rep- The biomass burning has a negative indirect radiative forc-
resent the error inherent to our method of assessing the aving ¢ F' of up to -10% within the 500 km-wide band along the
erage differences in cloud fractior\(f) and cloud albedgs coast (Figure 9). Within this region, the average valuéof
(AA) due to the presence of biomass burning aerosols, wés -7.45% (-7.46% using the cloud fraction calculated with
call them the biases in the difference in cloud fractiep)(  the visible channel) with a standard deviatiop of 1.72%
and cloud albedos(y;;,) due to the meteorological parame- (1.75% using visible channel) and an average bias due to
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meteorological parameters and aeroggisof +0.89%. The  the region along the coast to the difference in biomass burn-
similar results using two different methods to compute-#heing emissions over the 3-year time period. Figure 10 present
cloud fraction confirm the robustness of the cloud fraction the indirect radiative forcing in intervals of biomass bimgn
calculations. concentration in the first kilometer of the atmosphere dyrin
Using high continental or anthropogenic tracers to subdi-2006, 2007 and 2008.
vide the data (Table 1) also gives similar results, with ager The lowest biomass burning concentration bin (lower than
values of -6.92% and -7.78% respectively, which fall within 3.3:g m~3) is associated with an indirect radiative forcing of
the range of the standard deviation. -5.7%+1.31% and was most common in 2006 (contribution
The average vertical distribution of biomass burning trace of 45%). For the highest biomass burning concentrations bin
shows a maximum of /g m~3 above the marine bound- (higher than 15g m—?), the average indirect radiative forc-
ary layer within the region near the coast (Figure 9). Theingis -8.57%11.95%, and occurred most frequently in 2008
presence of BB aerosols presumably increases the tempeteontribution of 57%).
ature of the local air mass by absorbing solar energy and These results imply that an increase in biomass burning
converting it into thermal energy. Johnson et al. (2004)concentration increases the heating of the air mass abeve th
have shown that this process increases the static stabilitinversion layer, increases the strength of the inversigara
and reduces the vertical entrainment of dry air and absorband reduces the vertical entrainment of dry air and absgrbin
ing aerosols. It has been shown that within this region;;theaerosols. The results also show that BB aerosols in 2008
biomass burning increases the cloud fraction, cloud albeddad a greater impact on indirect radiative forcing than 2006
and LWP. FLEXPART suggests that a significant quantity of because of larger emissions of biomass burning aerosols.
absorbing aerosols are also located in the marine boundary
layer (4ug m—3). It is possible that FLEXPART overesti-
mates the number of aerosols within the marine BL near the7 Conclusions
coast. FLEXPART is not a meso-scale model, and cannot
fully resolve the marine inversion layer, or apply any feed- Satellite products from GOES and MODIS and biomass
back on the temperature of the air mass due to the transpert diurning aerosol calculations from FLEXPART are used to
aerosols. The temperature of the air masses above the marigssess the biomass burning indirect effect on marine strato
BL is probably underestimated and thus the vertical entrain mulus clouds west of California in June and July 2006, 2007
ment through the marine BL is overestimated in the model,and 2008.
which explains the significant quantity of aerosols inthe ma A novel aspect of our analysis was the use of a continental
rine boundary layer. 70 tracer to segregate the data according to air mass origin and
Further offshore, the indirect radiative forcingF” by  the associated differences in meteorology. We focused on
biomass burning is slightly positive with values up to +2%. biomass burning aerosol rather than anthropogenic aerosol
The average impact is +1.15%, with a standard deviatipn because the high variability in biomass burning aerosol al-
of 0.34% and a biasr of +0.49% The standard deviation lowed us to clearly study the impact of continental air on
and the bias are small compared to the average valuesindimarine stratocumulus clouds in the presence or absence of
cating that the positive impact of biomass burning in this re biomass burning aerosols. A similar analysis cannot béyeasi
gion is statistically significant. Using the high contingint done with anthropogenic aerosols, which are always present
or anthropogenic tracer to subdivide the data (Table 1), thén the continental air masses of the western USA.
average values are +0.78% and +1.72% respectively. A study of the first indirect effect from biomass burning
According to FLEXPART, the average vertical distribu- was conducted at constant liquid water path (LWP). The in-
tion of biomass burning aerosols in this region differs from direct effect index (IE) values based on the relationship be
the near-shore profile, with a relatively constant profile be tween cloud optical thickness or effective radius and bissna
tween the surface and 1.2km ofid m—2 of biomass burn-  burning concentration ranged between 0.02 and 0.04, de-
ing aerosol. The concentration is 6 times smaller than whapending on the LWP value. These values are relatively small,
is found near the coast. Away from the coast, the MBtsis perhaps because of the low hygroscopicity of the biomass
deeper because the sea surface temperature is higher- Thetaurning aerosols or because the cloud and aerosol interac-
fore the temperature inversion layer is weaker, which in-tion are studied over a large spatial scale (McComiskey et
creases the entrainment of air from above. The biomass burral., 2009).
ing aerosols can potentially increase the temperatureen th Biomass burning aerosols increased the cloud fraction
MBL, reduce the relative humidity and thus reduce the claudwithin a 500 km-band along the coast by +0.143, and the
fraction. cloud albedo by +0.038, resulting in an indirect radiative
Between the surface and 1km, the biomass burning conforcing of -7.45%+1.72% (cooling). The bias from me-
centration was 4% smaller in 2007 than in 2006, and 66%teorology is +0.89% which means that the average result
higher in 2008 than in 2006. We attempted to relate the indi-is slightly underestimated. This region has an average ver-
rect radiative forcing due to biomass burning aerosolsiwith tical distribution of biomass burning aerosols that maxi-
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mizes above the inversion layer. The semi-direct effeahfro Bretherton C. S., P. N. Blossey, J. Uchida: Cloud droplet
biomass burning aerosols appears to increase the lower tro- sedimentation, entrainment efficiency, and subtropical
pospheric stability, reducing the vertical entrainmentipfsee ~ stratocumulus  albedo, Geophys. Res. Lett, 34, L03813,

air and absorbing aerosols into marine stratocumulus elpud _ d0i:10.1029/2006GL027648, 2007
promoting shallow cloud maintenance. Brioude, J., Cooper, O. R., Trainer, M., Ryerson, T. B., blaky,

. . J. S., Baynard, T., Peischl, J., Warneke, C., Neuman, J. A., D
Away from the coast, biomass burning aerosols reduce
h loud f . b 5 d red h loud albed Gouw, J., Stohl, A., Eckhardt, S., Frost, G. J., McKeen, S. A.
the cloud fraction by -0.023, and reduce the cloud a 2¢d0 Hsie, E.-Y., Fehsenfeld, F. C., and Ndlec, P.: Mixing betwee

by -0.006, resulting in an indirect radiative forcing of 4 stratospheric intrusion and a biomass burning plume, Atmo
+1.33%+0.34%. The bias from meteorological parameters  chem. Phys., 7, 4229-4235, 2007.

is +0.49%. Even though the average impact of biomass burnehameides, W., C. Luo, R. Saylor, D. Streets, Y. Huang, MgBer
ing aerosols is relatively small, it is statistically sifjcant. and F. Giorgi: Correlation between model-calculated amthr
The vertical distribution of biomass burning aerosols skkaw  pogenic aerosols and satellite-derived cloud optical ftgpin-

a maximum within the marine boundary layer. In this region, dication of indirect effect?, J. Geophys. Res., 107(D10B%
the absorbing aerosols can warm the air masses in the ma- d0i:10.1029/2000JD000208, 2002

rine boundary layer via the semi-direct effect, reducing th Féingold, G., B. Stevens, W.R. Cotton, and R.L. Walko: Anliexp
relative humidity and cloud cover. microphysics/LES model designed to simulate the Twomey Ef-

. . 875 fect. Atmospheric Research, 33, 207-233, 1994
Future analyses need to include a study of the blomas1S—eingold, G., L. A. Remer, J. Ramaprasad, and Y. J. Kaufman:

burning aerosol indirect effect throughoutthe rest of tag d  Apayysis of smoke impact on clouds in Brazilian biomass burn
to fully quantify its impact on the radiative balance of the  jng regions: An extension of Twomey’s approach, J. Geophys.
eastern North Pacific Ocean. Improvements in constraining Res., 106(D19), 22,90722,922, 2001

the calculated impact of biomass burning aerosols on Gleudreingold, G., W. L. Eberhard. D. E. Lane, and M. Previdi:
fraction and albedo would benefit from ship or aircraft based First measurements of the Twomey aerosol indirect effeicigus

in situ and lidar measurements of biomass burning aerosols ground-based remote sensors. Geophys. Res. Lett., 30,,No. 6

Biomass burning is influenced by moisture and :surface':emg("df Gl dH' .Jia/‘:g’ Y. gamnr?ton:R OnLS?:O?Z St’g;égi’
winds, with warmer and drier conditions increasing thedike S'Of‘ of clouds In Amazonia, 1>eophys. Kes. LetL., oz, ’
. . . . doi:10.1029/2004GL021369, 2005
lihood of biomass burning (Westerling et al., 2006). Accord

. . ; - . 7 Forster, C., Stohl A., and Seibert P.: Parameterizatioroofective
ing to the IPCC (2007), California will have an increase in transport in a Lagrangian particle dispersion model anenitdu-

surface temperature and a decrease of humidity as a result atjon, J. Appl. Met. Clim, 46, 403422, doi:10.1175/JAM2470
of climate change. If warmer and drier conditions leag,to 2007

increased biomass burning in the future, our study impliesFreeborn, P. H., M. J. Wooster, W. M. Hao, C. A. Ryan, B. L.
a higher likelihood of biomass burning aerosols, incregisin ~ Nordgren, S. P. Baker, and C. Ichoku: Relationships betweeen
marine stratocumulus cloud cover and albedo, which would ergy release, fuel mass loss, and trace gas and aerosola@giss

constitute a local negative feedback. during laboratory biomass fires, J. Geophys. Res., 113, 0013
8% doi:10.1029/2007JD008679, 2008

Freitas, S., Longo, K., Silva Dias, M., Silva Dias, P., Clijt&.,
Prins, E., Artaxo, P., Grell, G., and Recuero, F.: Monitgrthe
transport of biomass burning emissions in South Americ&j-En
ron. Fluid Mech., 5(12), 135167, doi:10.1007/s10652-0083-
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subdivisions using|  subdivisions using subdivisions using
continental tracer| high continental tracet anthropogenic tracef
In a 500 km-wide band along the coast
cloud fraction difference +0.143 +0.153 +0.138
cloud albedo difference +0.038 +0.038 +0.032
Radiative impact -7.45 -7.78 -6.92
Further away from the coast
cloud fraction difference -0.023 -0.018 -0.038
cloud albedo difference -0.006 -0.005 -0.008
Radiative impact +1.15 +0.78 +1.72

Table 1. Cloud fraction, cloud albedo differences and radiativeactplue to the presence of biomass burning aerosols witHio &b-wide
band along the coast and further away from the coast usingahtinental tracer to subdivide the data, using high cemitial tracer only,
and using the anthropogenic tracer.

Change in Cloud frac{ Change in  Cloud| Multivariate re- | Multivariate re-
tion (A f) albedo A A) gression factorg gression factors
for f for A
continental tracer, +0.04 +0.082 +0.06 +0.23
(+10ug.m™—")
anthropogenic  tracer +0.03 +0.05 +0.07 +0.20
(+3ug.m—?)
Surface  temperature -0.42 -0.033 -48.0 -11.7
(+4°0)
specific humidity | +0.27 +0.025 +2.46 +0.67
(+2g/kg)
boundary layer height -0.02 -0.042 -0.17 -0.38
(+100m)
lower tropospheric stai +0.44 +0.086 +2.57 +1.77
bility (+5°C)

Table 2. Multivariate regression analysis of the influence of mettagical parameters and aerosols on cloud fraction andicthedo. The
cloud parameter changes (first 2 columns) are calculategplyiag a change from the 5th to 95th precentile of the patamsdrows) used
in the multivariate regression (last 2 columns).
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Fig. 1. (a) Distribution of the injection height of BB plumes relagly to the boundary layer height (in 2008). (b) Location toé detected
fires in June and July of 2006-2008 (the colorscale from ued represents the fire frequency from lowest to highest).
Vertical distribution offshore (c) and inland (d) of the rsa¥f biomass burning tracer (arbitrary unit).
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Fig. 10. Average values of the indirect radiative forcing due to béms burning aerosols in a 500-km band along the coast ofot@hf
based on 5 intervals of biomass burning tracer concentratithe 0-1km altitude range, during 2006, 2007 and 2008.



